In this study, extender and bender element tests were conducted investigating the small-strain Poisson's ratio of variable sands, with a focus on the effect of stress anisotropy in order to quantify the sensitivity of Poisson's ratio to the applied deviatoric stress. Four different uniform sands were tested, including a biogenic sand, a crushed rock and two natural sands, covering a wide range of particle shapes. From these sands, eleven samples were prepared in the laboratory and were tested under variable stress paths, maintaining a constant mean effective pressure while increasing the deviatoric compressive load. Under the application of these given stress paths, the data analysis indicated that the sensitivity of Poisson's ratio to the stress ratio was more pronounced for sands with irregularly shaped particles in comparison to sands with fairly rounded and spherical grains. For sands with very irregularly shaped particles, the increase of Poisson's ratio from the isotropic to the anisotropic stress state reached 50%, while this increase for natural sands with fairly rounded particles was in the order of 20%.
Introduction
Dynamic properties of soils at small strains are of great importance to geotechnical earthquake engineering, seismic ground response analysis as well as prediction of geo-structures deformations. Over the past five decades, the dynamic properties of soils have been extensively studied, with a particular focus on the small-strain shear modulus, G max . From the early stages of systematic studies on G max of sands, it was recognized that particle shape plays an important role in modeling soil modulus (Hardin and Richart, 1963) . In the recent study, Payan et al. (2016a) incorporated a previously suggested variable to account for the particle shape of sands proposed by Cho et al. (2006) and recommended a complete expression that correlates G max of sand with the grading characteristics expressed in terms of the coefficient of uniformity, the particle shape descriptor of regularity as well as the mean effective confining pressure. Payan et al. (2016a) conducted a comprehensive set of tests on variable sands and it was highlighted that particle shape plays a major role in the sensitivity of smallstrain shear modulus to pressure. Similar to this study, Payan et al. (2017) found consistent trends with respect to the effect of particle shape on Young's modulus of sands, E max , with a general trend of greater sensitivity of G max or E max to the applied pressure for sands of irregular particle shape in comparison to sands with fairly rounded and spherical grains.
Soil modulus is directly linked to wave velocity. Previous works have highlighted that shear or primary wave velocity is controlled by the stress in the direction of wave propagation and the direction of particle motion (Roesler, 1979; Knox et al., 1982; Yu and Richart, 1984; Santamarina et al., 2001) . Payan et al. (2016b) quantified the effect of the applied stress ratio on G max of sands and reported that the sensitivity of soil modulus to the stress anisotropy is more pronounced for sands with irregularly shaped particles as well as well-graded soils in comparison to uniform sands with fairly rounded particles. In that study, the stress ratio was expressed in terms of q=p 0 , where q is the applied deviatoric stress and p 0 is the mean effective pressure.
An important soil dynamic property but with insufficient researches in the literature is the Poisson's ratio (n). The Poisson's ratio of the soil has been taken as a constant value in most of the geotechnical projects and modeling (e.g. n ¼ 0.25). However, the Poisson's ratio was found to be affected by the effective confining pressure in previous works (e.g. Kumar and Madhusudhan, 2010; Wichtmann and Triantafyllidis, 2010; Payan et al., 2017) . Payan et al. (2017) proposed a model for Poisson's ratio of sands, as a function of particle shape. They focused on sands which were isotropically consolidated, thus there was no information provided with respect to the possible effect of stress anisotropy on Poisson's ratio, or the potential role of particle shape on the sensitivity of Poisson's ratio to the applied deviatoric stress. In this study, the Poisson's ratio of variable sands is investigated focusing on the role of sand type in terms of particle shape on the sensitivity of the Poisson's ratio to the applied stress ratio. In particular, the present paper extends the previous work by who studied two quartz sands in the laboratory and reported data associated with the effect of stress anisotropy on the constrained modulus. In this study, four different sand types were examined by quantifying Poisson's ratio through measurements of shear and primary wave velocities. Thus, a set of piezo-element tests including extender and bender element modes was conducted on dry samples in a triaxial apparatus with piezo-element inserts implemented (see Figs. 1 and 2) . A local strain gage system (see Fig. 3 ) was used for all the tests in order to track the volume change of the samples during the testing procedure.
Materials and methods
Four different sands (from uniform to poorly-graded) were tested in the study, including a biogenic (carbonate) sand with origin from Western Australia He et al., 2017) , denoted as BS (biogenic sand); a crushed rock composed predominantly of quartz grains, denoted as CR (crushed rock); and two natural quartz sands, denoted as SS (Sydney sand) and WS (white sand). The basic characteristics of these four soils are summarized in Table 1 in terms of specific gravity of solids (G s ), mean grain size (D 50 ), coefficient of uniformity (C u ) and particle shape descriptors. Particularly, the particle shape descriptors used in the study (Cho et al., 2006) consist of the sphericity (S), roundness (R) and regularity (r), where r is the arithmetic mean of S and R. In the study, the method described by Payan et al. (2016a) was adopted for the quantification of the variable particle shape descriptors. Thus, a representative set of grains was randomly chosen from each sand type, and two operators quantified the particle shape descriptors based on visual observation of the grains from images taken from scanning electron microscope (SEM) analysis as well as an optical microscope, and the use of an empirical chart proposed by Krumbein and Sloss (1963) as modified by Cho et al. (2006) . Typical images from the SEM analysis of all the sands are given in Fig. 4 . Based on this analysis, the mean and standard deviation values of the shape descriptors for all the sands were estimated and are summarized in Table 1 . Note that all the sands are composed of medium spherical (CR and BS) to relatively highly spherical (SS and WS) particles, but they cover a wider range of regularities. This is because the values of roundness varied among the sands, i.e. from low roundness values in sand CR to fairly high values found in sand SS.
From these four sands, a total set of eleven samples was prepared with a split mold of 50 mm in internal diameter and 100 mm in height and tested in a stress path controlled triaxial apparatus which houses piezo-element inserts. The piezo-element inserts used in the study (He and Senetakis, 2016 ) comprise a set of piezoelectric ceramic bimorphs which can work as both extender elements (EE) and bender elements (BE). The EE mode (Leong et al., 2009 ) allows the propagation of primary (P) waves and the measurement of the small-strain constrained modulus (M max ) in a straightforward way using Eq. (1). The BE mode (Shirley and Anderson, 1975; Jovicic et al., 1996; Lee and Santamarina, 2005; Leong et al., 2005; Gu et al., 2015) allows the propagation of shear (S) waves and the straightforward measurement of smallstrain shear modulus (G max ). Note that the quantity r s in Eqs. (1) and (2) denotes the mass density of the soil. Based on the computed constrained modulus (M max ) and shear modulus (G max ), or alternatively, the directly measured primary wave velocity (V P ) and shear wave velocity (V S ) for a given sample, Poisson's ratio (n) Fig. 1 . Cyclic triaxial apparatus. and small-strain Young's modulus (E max ) can be computed through Eqs. (3) and (4).
Note that in this study, the effective stress in the direction of wave propagation coincides with the effective axial stress. On the other hand, the effective stress in the direction of particle motion matches with the effective axial stress for primary waves propagation and the effective radial stress for shear waves propagation.
The characteristics of the eleven samples tested in the study are summarized in Table 2 , including information for the code name of the samples, and the initial void ratio (e o ) at which the samples were prepared. Note that all the samples were prepared by applying dry compaction (similar to He and Senetakis, 2016) in layers of equal mass, achieving a relatively dense state for all the samples. Two to three different stress paths were applied for each sand type, with one for each different sample. At first, the effective radial stress (s 0 r ), which is equal to the cell pressure since all the samples were in a dry state, was increased isotropically to s 0 r ¼ p 0 o (200 kPa, 400 kPa, or 600 kPa). Thereafter, at a given mean effective pressure (p 0 ¼ p 0 o ), a stress path test was conducted by increasing the deviatoric stress q and maintaining a constant value of p 0 . The anisotropic stress paths were achieved by increasing the effective axial stress (s 0 a ) while decreasing the effective radial stress (s 0 r ) after the desired isotropic confining pressure was reached for each of the tests. A schematic illustration of all the stress paths applied in the study is given in Fig. 5 . Particularly, the deviatoric stress increased following the increments of the stress ratio (q=p 0 ) equal to 0, 0.25, 0.5, 0.75, 1 and 1.2. After reaching each of the desired stress ratio levels, extender and bender element tests were conducted which allowed the quantification of the stress ratio effect, expressed as q=p 0 þ 1 on the Poisson's ratio of the samples. Note that the samples were tested in a dry state and the samples were subjected to an anisotropic stress state, the volumetric strains of the samples were measured based on radial local strain instrumentation (see Fig. 3 ) attached to the samples and the measurement of sample axial strain with an external vertically positioned LVDT (linearly variable differential transformer), similar to the study by .
Results and discussion
All the dynamic tests were conducted applying a sinusoidal excitation of a frequency equal to 10 kHz. Typical signal analysis plots from the piezo-element tests are given in Fig. 6 with respect to the CR in Fig. 6a and the WS in Fig. 6b at variable effective confining pressures. Note that the plots in Fig. 6 corresponded to measurements of P-wave velocities of the samples under an isotropic stress state (q=p 0 ¼ 0). For all the tests, the first time of arrival method was adopted to compute V P and V S . Based on these measurements, it was found that, for a given sample subjected to stress anisotropy, the increase of the stress ratio (q=p 0 ) increased both P-and S-wave velocities, but this effect was more pronounced for V P .
Typical plots of V S -and V P -stress ratio are given in Fig. 7 for the CR sample tested at a mean effective pressure of 600 kPa. In Fig. 7 , the horizontal axis is expressed by q=p 0 þ 1, whilst the vertical axis is expressed as the normalized wave velocities (V S, normalized and V P, normalized ), which are defined by the ratio of the wave velocity of a given sample measured at the anisotropic stress state (q=p 0 > 0), over the wave velocity at the isotropic stress state (q=p 0 ¼ 0). For sample CR-600, the increase of V S from the isotropic stress state (q=p 0 ¼ 0) to the maximum applied stress anisotropy (q=p 0 þ 1 ¼ 2:2) was equal to 8% approximately, whilst the corresponding increase of V P was found equal to about 22%. These results imply that Poisson's ratio (n) is dependent on the stress ratio for the given stress paths adopted in the study (i.e. constant p 0 paths). In Fig. 8 , representative plots for samples CR-200, CR-400 and CR-600 are shown, demonstrating the effect of the stress ratio on the absolute value of the Poisson's ratio. For the particular sand type, the increase of the stress ratio (q=p 0 ) from 0 to 1.2 resulted in a maximum increase of about 50% of the Poisson's ratio. In Fig. 9 , the Poisson's ratios of two different types of sands (WS and CR) are plotted against the stress ratio (q=p 0 þ 1). The WS is a soil with fairly regularly shaped particles while the CR is angular and the average sphericity of the grains is relatively low. In this study, the Poisson's ratio is expressed as a normalized quantity with respect to the corresponding value at the isotropic stress state of the samples. The expression is given in Eq. (5), where n aniso and n iso are the Poisson's ratio values under the application of stress anisotropy and at an isotropic stress state, respectively: Fig. 7 . Normalized S-and P-wave velocities against the stress ratio.
The effect of the increasing effective stress ratio on the normalized Poisson's ratio shown in Fig. 9 indicates that although the measured Poisson's ratios of both sands increase with the increase of the stress anisotropy, this effect is dominant for the CR. Particularly, for the CR samples, the normalized Poisson's ratio (n normalized ) is increased by 35%e50% at with respect to the isotropic stress state. The corresponding increase of n normalized for the WS is in the order of 20%.
For all the samples, power-law type curves were fitted to the experimental n normalized -ðq=p 0 þ 1Þ data based on Eq. (6):
where a n is a power that expresses the sensitivity of the Poisson's ratio, in terms of normalized value, to the stress anisotropy. Based on this approach, the sensitivity of the Poisson's ratio to the stress ratio for all the samples is plotted against the particle shape descriptors shown in Fig. 10 . Within the scatter of the data, the results in Fig. 10 demonstrate a clear increase of the sensitivity of the Poisson's ratio to the stress anisotropy for sands of more angular in grain shape (Fig. 10b) and sands of irregular in grain shape (Fig. 10c) .
Previous research works (e.g. Chen et al., 2016; He and Senetakis, 2016; Payan et al., 2017) have highlighted the sensitivity of the Poisson's ratio of sands to the applied confining pressure as well as the role of particle shape on the small-strain Poisson's ratio (Payan et al., 2017) . The data of this work demonstrate that the proper modeling of the Poisson's ratio of sands must incorporate the effect of stress anisotropy which is not negligible for sands of both regular and irregular shape particles, even though this sensitivity was demonstrated to be more pronounced for sands of angular grains.
Conclusions
This note presents the effect of stress anisotropy on the smallstrain Poisson's ratio of four different sands which covered a wide range of particle shapes. The tests were conducted on the samples of 50 mm in diameter and 100 mm in height in a stress path controlled triaxial apparatus which houses extender and bender element inserts. All the samples were subjected to a stress path, initially applied with an isotropic pressure in a range of 100 kPae 600 kPa, with a subsequent increase of the deviatoric stress values of the stress ratio q=p 0 equal to 1.2. Simultaneous measurements of shear and primary wave velocities allowed the quantification of the Poisson's ratio. The data analysis indicated that the sensitivity of the Poisson's ratio to the stress ratio was more pronounced for sands with irregularly shaped particles in comparison to sands with fairly rounded and spherical grains, but for all the different types of sands, there was an increase of the Poisson's ratio with the increase of q=p 0 . Particle shape was quantified based on sphericity (S), roundness (R) and regularity (r) as shape descriptors, adopting an empirical chart from the literature and using SEM imaging and an optical microscope. All the sands in the study were poorly-graded, which implies that further study is necessary on the topic since the basic parameter explored in the study was the shape of particles. (2014e2016) . Dr. Senetakis's research interests focus on the fields of experimental soil mechanics and dynamics, experimental micromechanics and tribology of non-conforming surfaces, geo-synthetics and recycled aggregates in geotechnics. He has key contributions to the fundamental study of stiffness and damping of granular materials, the application of dynamic test methods in the laboratory, and the micromechanical study of grain contact response and surface damage at the nano-to-micro scales. To date, Dr. Senetakis has published about 50 international journal papers including about 40 SCI journal articles. He is a selected reviewer of more than 20 international journals as well as editorial board member and guest lead editor in an international journal. He is in charge of the Soil Mechanics Laboratory of the City University of Hong Kong which is one of the most advanced laboratories internationally in element testing and micromechanics.
